After perception of specific biotic or abiotic stimuli, such as root colonization by rhizobacteria or 9 selected chemicals, plants are able to enhance their basal resistance against pathogens. Due to its 10 sustainability, such induced resistance is highly valuable for disease management in agriculture. Here 11 we study an example of resistance against wheat-leaf rust induced by Pseudomonas protegens CHA0 12 (CHA0) and β-aminobutyric acid (BABA), respectively. Seed dressing with CHA0 reduced the 13 number of sporulating pustules on the leaves and the expression of resistance was visible as necrotic 14 or chlorotic flecks. Moreover, a beneficial effect of CHA0 on growth was observed in wheat 15 seedlings challenged or not with leaf rust. BABA was tested at 10, 15 and 20 mM and a dose-16 dependent reduction of leaf rust infection was observed with the highest level of protection at 20 mM.
approximately 10 6 CFU/mL and used for seed inoculation. For this, the sterilized wheat seeds were 114 immersed in the bacterial suspension for 6 hours with shaking at 35-40 rpm at room temperature. 115 Inoculated seeds underwent the pre-germination procedure as described above. Control seeds were 116 soaked in distilled water for the same time period before pre-germination.
117
Treatment with β-aminobutyric acid 118 The resistance inducer BABA was purchased at Sigma-Aldrich (Buchs SG, Switzerland). Dilutions 119 of 10, 15 and 20 mM of BABA in distilled water were used as a soil drench. For this, 10 ml of 120 BABA solution were added to the soil to plants were at the 2 leaf stage, 48 hours before infection 121 with leaf rust. Control plants were treated with the same amount of distilled water.
122
Effect of CHA0 and BABA on plant development 123 In a first step, the impact of the inoculation of CHA0 and BABA treatment on the plant was assessed. 124 To measure root colonization by CHA0, 0.1g each of inoculated or control roots were shaken each in 125 10 mL sterilized distilled water during 1 min on a benchtop vortex mixer, followed by 1 min of 126 4 sonication. The root extract was serially diluted and plated on solid King's medium B supplemented 127 with 100 μg mL -1 of rifampicin. The plates were incubated at 28°C in the dark and the number of 128 CFUs was determined after 24h to 36h. 129 To investigate possible effects of CHA0 and BABA treatments on plant growth, the dry mass of the 130 shoot of pre-treated seedlings was measured at 12 days after inoculation with leaf rust. Shoot length 131 was defined as the upper part of the plant cut at the residue of the seed. The shoots were weighed 132 (fresh weight), placed on coffee filter paper and dried separately in an oven at 65° until sample 133 weight remained constant (dry weight). 134 Inoculation with P. triticina 135 Inoculations with leaf rust (P. triticina) were done at the 2-leaf stage (BBCH 12 (Meier 1997) ) using 136 freshly harvested urediniospores of isolate Pr2271 (Agroscope, Changins, Switzerland). The 137 urediniospores were generated on leaves of cv. Arina. For infections, fresh urediniospores were 138 mixed with talcum powder in a 1:9 w/w ratio and rubbed gently on the leaf surface. Inoculated plants 139 were placed in a dew box in the dark at 18 to 22°C for 24h to promote infection. Subsequently, the 140 plants were placed in the growth chamber as described above. After 12 days or when the symptoms 141 were sufficiently developed on the control plants, the infection type was assessed using the 0-4 142 scoring system (Table S1) described by Roelfs (1992) .
143
Histochemical assessment of leaf rust infection in presence of CHA0 and BABA 144 Assessment of fungal growth and development 145 Leaf rust growth was observed on 2 cm leaf segments from the centre of the second leaves at 0, 6, 12, 146 24, 48, 72 and 96 hai (hours after inoculation). The leaf segments were immerged in 96% ethanol for 147 2-3 days to remove chlorophyll. The distained leaf segments were washed in an ethanol/ water (1:2 148 v/v) solution and then incubated in 0.5 M sodium hydroxide for 15 min with slight shaking. The 149 leaf segments were incubated for 15 min in distilled water and before soaking for 2 h in 0.1 M 150 Tris-HCl buffer (pH 8.5). Fungal structures were then stained with a 0.2% Calcofluor White 151 solution in water (Sigma-Aldrich, Germany) for 5 min. After four washings in distilled water, the 152 samples were stored in 50 % (v/v) glycerol for microscopic observation.
153
The preparations were examined with an epifluorescence microscope (Model E800; Nikon 154 Instruments Europe, Badhoevedorp, The Netherlands) using excitation at 365 nm in combination 155 with a 450 nm barrier filter and a dichroic mirror at 400 nm. This installation allowed the 156 determination of position and number of all fungal organs on and in the leaf, namely germinated 157 and non-germinated spores, appressoria, sub-stomatal vescicles and haustoria. 159 Assessment of callose deposition was done on segments from the centre of the second leaf at 0, 24, 160 48 and 72 hai with leaf rust according to Scalschi et al. (2015) . The leaf tissue was distained for 161 48h in 96% ethanol until transparent. Subsequently, the leaf tissue was rehydrated in 0.07 M 162 phosphate buffer (pH =9) for 30 min and incubated for 15 min 0.05% aniline-blue (Sigma, St.
158

Identification and quantification of callose deposition
163
Louis) prepared in 0.07 M phosphate buffer and were finally stained overnight in 0.5% aniline-164 blue microscopic observations were performed with the epifluorescence microscope using a UV 165 filter as described above. The presence and the quantity of deposited callose was determined from digital photographs by 167 counting the number of white pixels (representing callose deposits) in 20 infection sites for each 168 replicate, using the GNU Image Manipulation Program (GIMP 2.10.10) software. Contrast settings 169 of the photographs were adjusted to obtain an optimal separation of the callose signal from the 170 background signal. Callose was automatically identified using the "Color Range" tool and callose-171 corresponding pixels were recorded as the area covered by the total number of selected pixels 172 (Scalschi et al. 2015) . 174 Detection of H 2 O 2 was carried out using DAB (3,3-diaminobenzidine, Sigma-Aldrich, Switzerland) 175 staining as described (Thordal-Christensen et al. 1997) . The second fully expanded leaves were cut 176 at 0, 24, 48 and 72 hai and immediately immersed in a solution containing 1mg mL -1 DAB dissolved 177 in HCl acidified distilled water (pH 3.8). Leaves were incubated in the dark for 8 h to allow DAB 178 uptake and reaction with H 2 O 2 . Subsequently, leaves were cleared in saturated chloral hydrate and 179 scanned at 1.200 dpi (Epson perfection, V370 PHOTO).
173
Accumulation of H 2 O 2 at the infection sites
180
In presence of H 2 O 2, DAB is reduced to a dark-brown deposit that can be easily visualized in the 181 leaves. The H 2 O 2 content of the leaves was quantified by counting the number of dark-brown DAB 182 pixels using GIMP 2.10.10 software and the percentage of DAB stain was calculated corresponding 183 to total leaf area (Luna et al. 2011) . The dark-brown DAB pixels were selected using "Color 184 selection" and the total area of leaves was using the "Free Selection" tool.
185
Experimental set up and statistical analyses. 186 All experiments were repeated at least twice. The induced resistance assay consisted of seven 187 biological replicates. The fungal growth and the callose deposition assessments were done with three 188 independent replicates and the H 2 O 2 quantification on ten biological replicates. Differences (HSD) test was used for multiple comparisons. Significant differences were considered 201 at P <0.05.
202
RESULTS
203
Plant growth and biomass production in presence of CHA0, BABA and following inoculation 204 with leaf rust 205 Twelve days after planting of the seedlings, 5×10 5 CFU/g on average of CHA0 were recovered on 206 the fresh roots, showing the capacity of the bacterium to successfully colonize the roots. In 207 6 preliminary experiment, the initial concentration of bacteria (10 4 , 10 6 and 10 8 CFU/mL) used for 208 seed inoculation did not alter the final number of bacteria on the roots (data not shown).
209
The effect of CHA0 and BABA on plant length and biomass production is presented in Fig. 1 . The 210 results indicate that the plants treated with CHA0 grew significantly longer and produced 211 significantly more biomass. The growth and the biomass were not influenced by the presence of the 212 pathogen ( Fig. 1A and B ). In contrast, plants treated with BABA at 20 mM were significantly shorter 213 and produced significantly less biomass than the untreated control. Meanwhile, the plants treated 214 with 10 or 15mM of BABA were not different to the untreated control. The infections with leaf rust 215 did not affect plant growth or biomass, exception made, for the treatment with BABA at 20 mM (Fig. 216 1C and D). Phenotypic reaction to leaf rust of seedling pre-treated with CHA0 or BABA 226 Twelve days after inoculation with P. triticina, control plants were totally healthy ( Fig. 2a ) while the 227 rust inoculated plants presented uniformly uredia with chlorosis corresponding to score 3 (high 228 infection type (HI) (Roelfs 1992)) ( Fig. 2b ). When treated with CHA0 ( Fig. 2c ), leaves showed 229 overall a lower number of uredia compared to the infected control. The symptoms are heterogeneous, 230 namely chlorotic flecks (score ";", low infection type (LI)) but also uredia without sporulation (score 231 "2", LI) and with sporulation and a chlorotic halo (score "3", HI).
232
Similarly, BABA treatments also resulted in a mix of chlorotic flecks (score ";") and small to 233 medium pustules with and without low sporulation scored as "1" and "2". Generally, all BABA 234 treatments lead to low infection type symptoms. Yet, the scores were clearly dose-dependent, since 235 the higher the BABA concentration, the lower the scores (Fig 2d, Calcofluor white staining was used to track the pathogen structures during the first 96 hours after 243 infection (hai) with leaf rust in non-treated control and on the plants pre-treated with CHA0 and 244 BABA at 15mM. Within 6 hai, germ tubes started to elongate (Fig. 3A, 1) . Independent of the pre-245 treatment, about 90% of urediniospores had germinated within 6 hai, in all treatments ( Fig. 3B, 1) . In 246 the following, the proportion of germinated spores remained constant.
247
Once germinated, the fungus forms appressoria at the stomatal regions ( Fig. 3A, 2) . The formation of 248 appressoria started at 6 hai (data not shown). Yet, at 24 hai, 85-88 % of the germinated spores had 249 formed appressoria (Fig. 3B, 2 ). This proportion hardly varied between the control and the bacterial 250 and BABA treatments.
251
Through the appressoria, the fungus penetrated into the cavities below the stomata, forming 252 infectious vesicles in the substomatal cavity ( Fig. 3A, 3 ). Our observations indicate that the 253 formation of those vesicles started at 12 hai (data not shown). On the leaves of non-treated control 254 plants, about 37% of appressoria had formed vesicles after 24 hai, with the proportion increasing to 255 50% after 48 hai. In plants inoculated with CHA0, about 29% of the appressoria formed. Yet, after 256 48 hai, the proportion of formed vesicles was about 23%. In BABA (15mM) treated plants, the 257 proportion of formed vesicles was 10% and increased to 30% at 48 hai ( Fig. 3B, 3) . At 48h we noticed the formation of haustoria out of the vesicles (Fig. 3A, 4) . At 72 hai, more than 80% 259 of the sub-stomatal vesicles had formed haustoria in the untreated control plants. This proportion did 260 not change at the last time point, at 96 hai. In the CHA0 treated plants, the proportion of formed 261 haustoria was not different to the control plants, at both time points (i.e. 72 and 96 hai). However, the 262 absolute number of haustoria was significantly lower in the CHA0 treated plants compared to the 263 control. With BABA treatment, only about 50% of the vesicles formed haustoria. This is 264 significantly less haustoria formed than in the control. At 96 hai, haustoria formation increased in the 265 BABA treatment to 70% and there was no significant difference with t he other treatments. Also, in 266 the BABA treatment, the absolute number of haustoria was lower compared to the control plants ( Fig.   267 3B, 4). Callose was quantified at 24, 48 and 72 hai after inoculation with leaf rust in the control, the CHA0 281 and the BABA 15mM treatment (Fig. 4) . Callose deposition at the infection sites was made visible 282 by aniline bleu. The amount of deposited callose was measured by counting pixels of stain around 283 the infection sites (suppl. Fig. 1S ). Overall, callose deposition occurred in all treatments within the 284 first 24 hai (Fig.4) . However, in plants pre-treated with CHA0 and BABA, a significantly higher 285 quantity of callose was observed compared to the control. With CHA0, callose accumulated at the 286 guard cells and was highest at 72h hai. In plants treated with BABA, we measured the highest callose 287 deposition after 48 hai. Here, callose was not only observed at the guard cells (stomata) but also in 288 mesophyll cells, at 72h. test; α=0.05).
300
Accumulation of H 2 O 2 following the inoculation with leaf rust 301 The hydrogen peroxide released by plant tissue was measured between 0 and 72 hai with leaf rust in 302 the control, the CHA0 and the BABA 15mM treatment. We monitored hydrogen peroxide with the 303 DAB staining that produces dark-brownish dots (suppl. Fig. 2S ). The surface of the dots was 304 measured as the proportion of dark-brown pixels on the total leaf surface ( Fig 5) . Differences within Induced resistance has proven to be a complementary control strategy potentially interesting for 321 protecting wheat from foliar diseases (Görlach et al. 1996; Sharifi-Tehrani et al. 2009 ). Here, we 322 confirmed the efficacy of both beneficial bacteria CHA0 and BABA.to induce resistance in wheat 323 against leaf rust 324 We first assessed the physiological effect of both resistance inducers on wheat growth. Efficient root 325 colonization by a given plant growth promoting bacterium is a prerequisite to exert a successful 326 biocontrol effect on the host plant, either directly (e.g. disease suppression) or indirectly (e.g. ISR) 327 (Lugtenberg and Kamilova 2009; Beneduzi et al. 2012) . In our study, after seed inoculation, CHA0 328 was able to colonize wheat roots and more than 10 5 CFU were recovered from 1g of root fresh 329 weight. Our preliminary results showed that the initial concentrations used for seed inoculum (10 4 , 330 10 6 and 10 8 CFU/mL) did not affect final root colonization. The bacterial titer in wheat root was high 331 enough for an effective plant protection as shown for soils suppressive to take-all of wheat and Histopathological studies after induction of resistance were performed to identify the events that 364 occur during pathogenesis, and ultimately lead to better understanding of the resistance mechanism.
11
The infection process of P. triticina in wheat plants has been well described (Bolton et al. 2008) .
366
During this infection process, the growth of the fungus can be interrupted at different phases. In 367 principle, each of these phases can be affected by the action of resistance inducers. Our results 368 regarding the infection events indicated that the pre-entry processes between plants treated with the 369 two resistance inducers and control plants did not differ. In support of our results, reports show that 370 the first steps of wheat rust infection (spore germination and appressoria formation) were not 371 affected during the resistance implicated by the host plant (Wang et al. 2007; Orczyk et al. 2010) . showing no to very small uredia formation surrounded by chlorotic flecks.
380
While, in CHA0-treated plants, small to medium uredia with no or low sporulation were apparent at 381 the leaf surface and the number of pustules were reduced compared to infected control, this infection 382 type could be explained by the fact that the CHA0 treatment was partially effective before 383 haustorium formation and reduction in fungal penetration was observed at 24 and 48 hai. The 384 successful penetrations generated a lower number of haustoria, giving later rise to small uredia.
385
To investigate the observed effect on fungal spread exerted by BABA and CHA0 treatment, generation in guard cells. In Arabidopsis, it was reported that H 2 O 2 accumulation in guard cells is 408 involved in the signal transduction during ABA-mediated stomatal closing (Sun et al. 2017) . This 409 could explain that accumulation of H 2 O 2 in guard cells following recognition of leaf rust structures 410 might be involved in stomatal closure, this being supported by the fact that we observed more 411 accumulation of ABA in plants infected with leaf rust (data no shown), It had been reported that 412 appressoria formation of P. triticina also caused stomata closure in wheat leaves (Bolton et al. 2008) .
413
Further studies shoe a correlation between H 2 O 2 generation and hypersensitive reaction (HR) in 414 resistance mechanism against wheat rust species (Wang et al. 2007; Orczyk et al. 2010; Serfling et al. 415 2016). In the current study, the accumulation of H 2 O 2 due to both resistance inducers was observed 416 24 hai which corresponds to the beginning of haustorium generation. This suggests that H 2 O 2 might 417 initiate HR-defence mechanism. Our results are in line with the observation of Serfling et al. (2016) 418 where HR was observed in mesophyll cells that were in contact with fungal haustorial mother cells at 419 24 hai, and the observed pre-haustorial resistance in the resistant accession PI272560 is due to an 420 early HR of the first infected mesophyll cells. An HR accompanied by H 2 O 2 accumulation also 421 occurs in other interactions of plants with fungal parasites and causes non-host resistance to wheat 422 stripe rust in broad bean (Cheng et al. 2012) .
423
Plant-pathogen interaction can be modulated after induced resistance. Here we present a model for 424 wheat-rust interaction (Fig. 6) where the infection of a host plant and growth of fungal structures 425 have been interrupted at different phases in response to BABA or rhizobacteria-induced resistance.
426
In control conditions, urediniospores of leaf rust were able to accomplish the infection cycle giving 427 finally rise to an uredium with a normal size (Fig. 6A, left and CHA0-treated plants fungal spread was differently affected (Fig. 6) with the exception of the pre-431 entry process where the spores germinated normally and appressoria were formed over the stomatal 432 opening in both cases. In CHA0-treated plants, callose deposition in guard cells was highly elevated 433 leading to an abortion of fungal penetration (Fig. 6B, left) . However, when the fungus overcame the 434 first barrier, callose deposition was not effective anymore. Here, we suggest that H 2 O 2 accumulation 435 can be accompanied by the activation of HR in some haustorium penetration sites which could 436 partially stop fungal spread leading to the formation of small ured ia (Fig. 6B, right) , In the case of 437 BABA, in addition to what we observed in CHA0 treatment, an accumulation of callose was noted in 438 mesophyll cells. This could explain the high resistance observed after BABA treatment (Fig. 6C,   439 left). Moreover, the high accumulation of H 2 O 2 initiated HR in cells penetrated by rust haustoria and 440 fungal spread totally stopped without any uredia formation (Fig. 6B, right) .
441
The present study provides new insights into histological basis of BABA-and rhizobacteria-induced 
